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Adiabatic compression has been investigated by having an MHD-driven plasma jet impact a gas
target cloud. Compression and heating of the jet upon impact were observed and compared to theo-
retical predictions. Diagnostics for comprehensive measurements included a Thomson scattering
system, a fast movie camera, a translatable fiber-coupled interferometer, a monochromator, a
visible-light photodiode, and a magnetic probe array. Measurements using these diagnostics pro-
vided the time-dependent electron density, electron temperature, continuum emission, line emis-
sion, and magnetic field profile. Increases in density and magnetic field and a decrease in jet
velocity were observed during the compression. The electron temperature had a complicated time
dependence, increasing at first, but then rapidly declining in less than 1 ls which is less than the
total compression time. Analysis indicates that this sudden temperature drop is a consequence of
radiative loss from hydrogen atoms spontaneously generated via three-body recombination in the
high-density compressed plasma. A criterion for how fast compression must be to outrun radiative
loss is discussed not only for the Caltech experiment but also for fusion-grade regimes. In addition,
the results are analyzed in the context of shocks the effects of which are compared to adiabatic
compression. Published by AIP Publishing. https://doi.org/10.1063/1.5045678
I. INTRODUCTION
Adiabatic compression is of fundamental interest in
plasma physics. It is also of particular interest to controlled
thermonuclear fusion as this requires heating a plasma to
10 keV while simultaneously satisfying the Lawson criterion
for the product of density and energy confinement time. In
the quest for attaining controlled fusion, two main
approaches, magnetic confinement fusion (MCF) and inertial
confinement fusion (ICF), have been used. MCF uses mag-
netic fields to improve confinement whereas ICF uses com-
pression to increase the density and temperature. Since
magnetic field improves plasma confinement while adiabatic
compression increases density and temperature, adiabatic
compression of a magnetized plasma should exploit virtues
of both MCF and ICF. Such adiabatic compression of a mag-
netized plasma is the basis of magnetized target fusion
(MTF, also known as Magneto-Inertial Fusion) wherein an
imploding liner adiabatically compresses a magnetized
plasma to the density and temperature required for fusion.1–6
MTF offers the possibility of low-cost fusion by operating in
a parameter regime intermediate between MCF and ICF.4,7
Fusion-grade MTF experiments now underway have a
very limited shot repetition rate because the liner and substan-
tial additional hardware are destroyed in each shot and have to
be rebuilt and reinstalled.8 This destruction greatly limits the
number of shots in an experimental campaign and so impedes
the investigation and optimization of adiabatic compression.
The Caltech jet-cloud impact experiment was designed
to investigate adiabatic compression using a configuration
that has a high shot repetition rate and no destruction of
hardware. The non-destruction feature in this configuration
results from having a high-speed MHD-driven jet9–11 impact
a localized target cloud of heavy gas. An observer in the jet
frame would see the target cloud moving towards the jet
plasma and then compressing the jet plasma. The plasma
parameters in this experiment are much more modest than in
a fusion-grade configuration but in compensation, the shot
repetition rate of one shot every two minutes is much higher.
Since ideal MHD has no intrinsic scale, ideal MHD is capa-
ble of describing configurations having many orders of mag-
nitude difference in size.12 Thus, the compression physics in
the Caltech experiment is relevant to fusion-grade configura-
tions because dimensionless parameter ratios can be extrapo-
lated. In addition, radiative processes such as continuum
radiation by which particle energy is lost can be investigated
using the repetitive and non-destructive scheme. Moser and
Bellan11 observed magnetic flux compression in a previous
jet-cloud impact experiment but the compression scaling was
not explored in detail.
This paper reports experimental results from the Caltech
jet-cloud impact experiment together with comparison of the
observed temperature and density increase with predictions
based on the equation of state. In order to accomplish this
investigation, comprehensive measurements of plasma
parameters were performed using a Thomson scattering (TS)
diagnostic, a fast imaging camera, a translatable laser inter-
ferometer, a monochromator, a visible-light photodiode, and
a magnetic probe array. The time dependence of the temper-
ature indicated existence of a significant radiative loss mech-
anism and so implies a minimum speed requirement for
compression and heating to be successful. This paper is orga-
nized as follows. Section II describes the experimental setup
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and diagnostics. Section III presents the experimental results.
Section IV discusses (Sec. IVA) the jet-cloud penetration,
the dynamic, thermal, and magnetic pressures, and (Sec.
IVB) adiabatic heating, (Sec. IVC) the results showing that
radiative losses are important in the experiment, (Sec. IVD)
the relation of the results to MTF, and (Sec. IVE) shocks.
Section V provides the conclusion.
II. EXPERIMENTAL SETUP
A. Vacuum chamber, jet formation, and collision with a
gas cloud
The setup for the jet impact experiment is shown in
Fig. 1. As seen in this figure, the 1.4 m diameter, 1.6 m long
cylindrical vacuum chamber is much larger than the plasma
dimensions so plasma interactions with the surrounding wall
are negligible.9–11 The jet is launched using coplanar, con-
centric copper electrodes consisting of a 20 cm diameter
inner disk and a 50 cm diameter outer annulus. A cylindrical
coordinate system {r, h, z} is used with the axis defined by
the vacuum chamber and the position of the coplanar electro-
des defining z¼ 0. A bias coil located immediately behind
the disk electrode generates an initial dipole-like poloidal
magnetic field that links the inner and outer electrodes. A
controlled amount of neutral hydrogen is puffed into the
chamber from eight gas nozzles on the disk and eight gas
nozzles on the annulus. High voltage from an electronically
switched capacitor bank breaks down this hydrogen neutral
gas to form plasma. Eight plasma loops are initially formed
where each follows the initial dipole poloidal magnetic field.
The inner parts of these loops mutually attract and merge to
form the jet. The jet propagates in the z direction away from
the electrodes and self-collimates via MHD forces.13
At a prescribed time slightly prior to the jet formation
described above, a controlled amount of neutral argon gas is
puffed into the vacuum chamber at z ’ 370mm by a 6mm
tube pointing towards the electrodes. The density of this
argon gas cloud is measured by a fast ion gauge located
280mm from the electrodes and the nominal neutral cloud
density is ’2 1020 m3. The location where the jet collides
with the neutral cloud can be controlled by changing the
time at which the argon is puffed and is set to be z
’ 280mm for diagnostic purposes. The argon cloud can be
considered stationary relative to the jet because the jet veloc-
ity is ’70 km/s whereas the argon cloud moves at only a
room-temperature thermal velocity (i.e., about 0.25 km/s).
The jet and its associated magnetic field are compressed
upon impacting with the argon cloud. The increase in den-
sity, temperature, and magnetic field resulting from the com-
pression are measured and compared to models.
B. Diagnostics
Plasma parameters were determined using the diagnos-
tics listed below:
1. A fast imaging camera (Imacon 200) takes 14 pictures
with 0.5 ls interframe time and 10–30 ns exposure time;
this camera views the plasma through a window on the
side of the vacuum chamber.
2. A Thomson scattering system measures both electron
temperature and density at the z ’ 280mm collision
location. In a parameter regime where electron density
ne¼ 1021–1023 m3 and electron temperature Te¼ 2–5
eV, both collective and non-collective Thomson scatter-
ing can occur depending on the scattering parameter, a
 1/(kkD). Here, k ¼ jks  kij, where ks is the wave
FIG. 1. Schematic of the experimental
setup. PM optical fiber: polarization-
maintained single mode optical fiber
and MPA: magnetic probe array.
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vector of the scattered signal, ki is the wave vector of the
incident laser beam, and kD is the plasma Debye length.
14
A second harmonic Nd:YAG laser was used with 532 nm
center wavelength, 7 ns pulse width, 200 mJ pulse energy,
and 10Hz repetition rate. The plasma experiment was
synchronized to the laser so that a laser pulse occurred at
a controlled time relative to the starting time of the jet. A
50mm focal length lens coupled the Thomson scattered
light to a fiber array which transported this light to a
220mm focal length spectrometer the output of which
was imaged by a gated intensified CCD (ICCD) camera
with 10 ns gate width to match the laser pulse width. The
fiber array had 34 fibers (each 200 lm core size with 0.12
numerical aperture to match the spectrometer). The
Thomson signal thus is a single-pulse measurement at a
specific time in the plasma shot. Vertical binning was
applied to the ICCD to obtain a high signal-to-noise ratio,
so that spatial averaging was over 40mm in the direc-
tion of the laser beam (i.e., vertical direction in Fig. 1).
3. A translatable, fiber-coupled, heterodyne interferome-
ter15 measures the line-integrated density and jet velocity.
The essential feature of this interferometer is a
polarization-maintaining single-mode optical fiber installed
in a 19mm stainless steel tube. This tube enters the vac-
uum chamber through a vacuum feedthrough as shown in
Fig. 1 and is both axially translatable and rotatable; only
axial displacements were used in this work. Light from the
fiber reflects from a 45 mirror, passes through the plasma,
reflects from another mirror back through the plasma, re-
enters the fiber, and finally travels back to an optical table
containing the remaining interferometer components
(beamsplitter, detector, and laser). The interferometer mea-
sures a line-integrated electron density ne and so the den-
sity measured by the interferometer is less than the peak
density. The translatable interferometer can measure not
only an axial profile of the line-integrated density but by
taking into account the time dependence, can also deter-
mine velocity changes along the jet path.
4. A f¼ 220mm monochromator measures the natural line
emission radiated from the plasma. The radiated light is
collected by a collimator that couples light to a multimode
100 lm core optical fiber that transports the light to the
monochromator. Natural line emission is also measured
by a photodiode with sensitivity absolutely calibrated in
the 350–1000 nm range. The photodiode is coupled to the
plasma via a multimode fiber with no collimator.
5. A translatable 60-coil magnetic probe array measures
vector components of the magnetic field at 20 different
locations spaced every 2 cm along the probe. By axially
translating this array, a two-dimensional spatial profile of
the B field is measured.16
III. RESULTS
A. Visible light images
Evidence of jet-cloud collision is provided by the fast
imaging camera as shown in Fig. 2. The collision occurs at
7–8 ls after plasma breakdown. The bright visible emission
during the collision is dominantly from neutral hydrogen
atomic line radiation.
B. Line-integrated electron density measured by a
translatable interferometer
The line-integrated electron density was measured by
the interferometer as a function of both axial location and
time. The space-time dependence of the line-integrated den-
sity provides a measurement of the jet axial velocity.15
Figure 3 shows a plot of distance versus time (a) for a jet col-
liding with a target cloud and (b) for a jet-only situation (i.e.,
no target cloud). It is seen that at z ’ 280mm, a collision
occurs as manifested by an abrupt deceleration of the jet and
an increase in density (calibration in side color bar). Since
the slope of the distance versus time plot in Fig. 3 corre-
sponds to the jet velocity, peak densities from space-time
plots were used to calculate the jet velocity. The change in
FIG. 2. False colored images taken by the fast movie camera with 0.5 ls interframe time from 7 ls (a) for a collision and (b) for a jet-only. The MPA can be
seen in the image. The vertical axis is absolutely calibrated.
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slope indicates a decrease in velocity from 70 km/s to
20 km/s at z’ 280mm, where the jet impacts the target gas
in contrast to the jet-only case which has no velocity decrease.
C. Thomson scattering
If the compression is adiabatic, the temperature should
increase. The purpose of the Thomson scattering system is to
determine this increase. Because of the high collisionality, it
is assumed that electrons and ions are in thermal equilibrium
with each other so the electron temperature measurement
should also give the ion temperature. The Thomson scatter-
ing system measures the changes in both density and temper-
ature during the compression. The density measured by the
Thomson scattering is greater than that measured by the
interferometer by a factor of about 10 because the interfer-
ometer measures a line-integrated electron density whereas
the Thomson scattering measures a local electron density.
Samples of the measured Thomson scattering spectrum are
shown in Fig. 4. As mentioned above, the spectrum of the
scattered laser radiation depends on a. For a > 1 as shown in
Fig. 4(a), the spectrum has a pair of peaks offset at 65 nm
from the laser line and the separation of these peaks
corresponds to the electron density. The baseline of this
spectrum is determined by continuum radiation which scales
as n2e and so at very high density where the continuum radia-
tion becomes large, the baseline rises and so reduces the sig-
nal-to-noise ratio.
The absolute value of the electron density is convention-
ally determined using Rayleigh or Raman scattering to cali-
brate the sensitivity of a Thomson scattering system.14,17,18
However, setting up for Rayleigh or Raman scattering is
cumbersome because this calibration requires filling the
large vacuum chamber with several hundred mTorr of neu-
tral gas. In the a > 1 regime, an alternative, simpler method
to determine the absolute electron density can be used as
described in the following three paragraphs.
The Thomson scattering spectral density function is
expressed as14
Sðk;xÞ ¼ 2p
k
1 ve

2
feo
x
k
 
þ 2pZ
k
 vi

2
fio
x
k
 
; (1)
where e ¼ 1 þ ve þ vi is the dielectric function, ve is the
electron susceptibility, vi is the ion susceptibility, Z is
the averaged ionization state, x ¼xs  xi where xs is the
FIG. 3. Line-integrated electron density (in m3) measured by the interferometer (a) in a collision and (b) in a jet-only. The asterisks indicate the maximum
densities at each location and the red dashed line is fitted using a linear function.
FIG. 4. Samples of the measured TS spectra. (a) ne¼ 9 1022 m3, Te¼ 3.4 eV, and a¼ 1.3 and (b) ne¼ 1.5 1022 m3, Te¼ 1.9 eV, and a¼ 0.7.
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scattered frequency and xi is the incident laser frequency,
and feo(x/k) and fio(x/k) are, respectively, the electron and
ion velocity distribution functions. Because of the high colli-
sionality, both electrons and ions were assumed to have a
Maxwellian velocity distribution function. The second term
in the RHS of Eq. (1) was neglected because this term repre-
sents the ion contribution which, while observable, cannot be
resolved by the spectrometer being used.
Since ve and vi are functions of a
2, both ve and vi are
negligible in the regime where a  1. In this case S(k, x)
has the same profile as feo(x/k) and this situation is called
non-collective Thomson scattering. However, in the regime
where a > 1, the spectrum depends on ve and vi and this situ-
ation is called collective Thomson scattering. The a > 1 con-
dition is related to the propagation behavior of the electron
plasma wave (also called the Bohm-Gross or Langmuir
wave). The finite ve and vi contributions become significant
if e! 0 which happens when x¼xpe, where xpe is the elec-
tron plasma frequency; this gives the twin peaks in Fig. 4(a).
Since xpe is a function of ne, the electron density can be
obtained from the offset of these peaks from the laser fre-
quency. Since a is also a function of electron temperature,
the electron temperature can be obtained by fitting a spectral
density function to the data.
However, the twin-peak feature is unclear if a < 1 but a is
not negligible; this situation leads to increased error in the den-
sity measurement. Thus, we first obtained a relative density by
integrating a spectrum and then an absolute calibration was
performed using a spectrum for which the twin-peak feature is
clearly observed as in Fig. 4(a). Thus, a spectrum having a > 1
is used to provide calibration for both a < 1 and a > 1 situa-
tions because the Thomson scattering signal intensity is linear
in density.
Figure 5 shows the electron density and temperature
time dependence measured by the Thomson scattering sys-
tem. Each data point was measured from a separate shot with
identical external parameters except that the measurement
was made at a different time. These measurements indicate
that the density increases by a factor of 2.5 for a jet-target
collision compared to the situation of no collision (i.e., jet-
only). However, as shown in Fig. 6, the temperature has a
more complicated time dependence: the temperature first
increases and then quickly decreases.
D. Magnetic probe array
Since the Lundquist number (S¼ LvA/g, where L is the
typical length scale of the system, g is the magnetic diffusiv-
ity and vA is the Alfven velocity) in this experiment is about
72, we can treat the plasma as being in the ideal MHD
regime. In the ideal MHD magnetic flux is frozen into the
plasma frame so the magnetic field should also be com-
pressed during the plasma compression.11 The magnetic
probe array was used to measure the magnetic field embed-
ded in the plasma jet. Figure 7 shows the measured magnetic
field at 7.9 ls for (a) the jet colliding with a target cloud and
(b) the jet-only situation (no collision). Colored contours in
this figure indicate the toroidal field, black lines indicate
poloidal flux surfaces, and arrows indicate the poloidal field.
It is seen that Br and B/ increase in a collision whereas Bz
hardly changes. Figure 8 shows the ratio of the field when
FIG. 5. Time dependence of (a) electron density and (b) temperature measured by TS in a collision (blue) and in a jet-only (red).
FIG. 6. Time dependence of the electron density and temperature in a
collision.
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the jet collides with a target cloud denoted as jBcollisionj to the
field when there is no collision denoted as jBjetj; at r¼ 12 cm
and z¼ 29 cm, jBr; jetj ’ 0:012T; jBr; collisionj ’ 0:016 T;
jBh; jetj ’ 0:008T; jBh; collisionj ’ 0:032 T; jBz; jetj ’ 0:006T;
jBz; collisionj ’ 0:003T; jBjetj ’ 0:016 T, and jBcollisionj
’ 0:037T. This figure shows that the magnetic field is com-
pressed by more than a factor of 2.2 which is consistent with
the electron density increase. The magnetic field compres-
sion region is off-axis because this region is where Br and B/
are dominant components.
IV. DISCUSSION
A. Jet-cloud interpenetration and dynamic, magnetic
and thermal pressures
The argon gas cloud is presumed to be effectively acting
as a compressing liner from the point of view of an observer
in the jet frame. In order to validate the presumption, it is
necessary to estimate how much the jet penetrates the gas
cloud. The penetration depth can be estimated by calculating
the mean free path for a hydrogen ion penetrating the argon
neutral gas; this is the jet penetration length. The mean free
path is
lmpf ¼ vrel
in
¼ vrel
nArKin
¼ vrel
nArvrelrin
¼ 1
nArrin
: (2)
Here, the relative jet velocity vrel (70 km/s corresponding
to 25 eV) is used instead of the ion thermal velocity (vi,th
’ 22 km/s), since vrel > vi,th. in is the hydrogen ion-argon
neutral momentum transfer collision frequency, nAr is the
argon gas cloud density, and Kin¼ vrelrin is the hydrogen
ion-argon neutral atom momentum transfer collision rate
coefficient, where rin is the hydrogen ion-argon neutral atom
momentum transfer collision cross-section. The average for
Kin in velocity space is not taken because vrel is used instead
of vi,th so that vrel is canceled out. Using nAr¼ 2 1014 cm3
and rin(25 eV)¼ 1.9 1016 cm2 (Ref. 19) gives lmfp
’ 26 cm. This mean free path is not consistent with what
actually happens in the experiment because the velocity
decrease indicates that the jet interacts with the gas cloud
within a few cm as shown in Fig. 3.
Instead, since the jet velocity quickly drops to 20km/s (cor-
responding to 2 eV), using rin(2 eV)¼ 2.8 1015 cm2 (Ref.
19) would give lmfp ’ 2 cm. In addition, although the argon gas
density was measured using a spatially localized home-made
fast ion gauge, uncertainties could exist in the argon gas cloud
density which could result in a low estimate for the gas density.
Also, the argon neutral atom density is expected to increase dur-
ing the compression so that the actual mean free path should
decrease. Figure 4 of Moser and Bellan11 has a configuration
that is essentially identical to this experiment and shows a spa-
tial separation of the argon and hydrogen spectra; this separa-
tion supports the conclusion that the argon cloud and the
hydrogen jet have negligible interpenetration.
The dynamic pressure of the argon effective liner is also
relevant in the experiment; dynamic pressure of the argon
gas cloud is PD ¼ qv2rel where q¼ nArmAr, thermal pressure
of the hydrogen jet is Pth ¼ nkBT ¼ ðne þ niÞkBT ’ 2nkBT
and magnetic pressure of the hydrogen jet is PB¼B2/(2l0).
The observed quantities, n ’ ne ’ 4 1022 m3, T ’ Te ’
2.5 eV, and B ’ 0.24 T at the axis and the relative velocity
vrel of the gas cloud set to be the same as 70 km/s jet velocity
give PD ’ 6.6 104 Pa, PB ’ 2.3 104 Pa, and Pth ’
3.2 104 Pa. Thus, PD exceeds PB þ Pth corresponding to
the existence of a dynamical compression.
FIG. 7. Magnetic field (a) in a collision and (b) in a jet-only. The color contour indicates the toroidal field and the arrows indicate the poloidal field. The unit
of the contour is in Tesla.
FIG. 8. Ratio of jBcollisionj to jBjetj.
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B. Adiabatic heating
Since adiabatic heating is expected during the compres-
sion, the plasma density and temperature are expected to
increase as P  nc, T  nc–1, where c¼ (Nþ 2)/N is the adia-
batic constant and N is the number of degrees of freedom. In
choosing the appropriate value of N to determine c for a
plasma that is collisional and adiabatic, it is necessary to real-
ize that compression in one or two spatial dimensions will
have the same c as compression in all three spatial dimensions
because collisions will equipartition the kinetic energy of a
particle among the three degrees of freedom of the motion;20
i.e., collisions will make N¼ 3 and c¼ 5/3 even if the com-
pression involves only one or two spatial dimensions. Also,
the collisionality in this situation is invariant with adiabatic
compression because the collision frequency of electrons or
ions is proportional to nT3=2 where n is the electron or ion
density and T is the electron or ion temperature and for c¼ 5/
3, the adiabatic relation gives n  T3=2. Thus, nT3=2 in the
collision frequency is constant resulting in an invariant colli-
sion frequency for the adiabatic compression. Due to high col-
lisionality, the adiabatic invariant l is not conserved because
of the transfer of a portion of the perpendicular temperature
(T?) to the parallel temperature (Tk) so as to have T? ¼ Tk.
The increase of n¼ 4 1022 m3 to n¼ 1023 m3 indi-
cates the observed compression ratio is a factor of 2.5 as
shown in Sec. III C. Using c¼ 5/3 gives Tf  Tiðnf =niÞ2=3,
where i and f indicate initial and final, respectively. Thus, a
2.5 eV initial temperature should increase to 4.6 eV.
Although c results from adiabatic compression with three
degrees of freedom, the compression ratio is provided by the
geometrical dimension of the compression. Since the Caltech
experiment involves a linear compression, we assume that the
geometrical dimension is one-dimensional, so the flux conser-
vation Br2¼ const. reduces to Bl¼ const., where l is the axial
length being compressed. This gives B n since n  1/l.
Thus, the magnetic field should increase by a factor of 2.5
which is consistent with the experimental observations.
While the changes in density, magnetic field, and veloc-
ity were consistent with the expectations, the temperature
had a rather complicated time-dependence that differed from
the expectations. The temperature increases at first but then
declines very quickly suggesting the development of a rapid
loss mechanism.
C. Radiative loss
The increase in energy density as a result of the com-
pression is DEc  D(nejBTe) ’ 57 mJ/cm3, where jB is
Boltzmann’s constant. If a loss mechanism is to explain the
sudden temperature reduction noted at the end of Sec. III C,
the loss mechanism must remove this DEc in a time shorter
than the compression time. Conduction loss is suspected to
be weak or negligible because the large machine size mini-
mizes plasma interactions with the wall. However, radiative
loss could be associated with the temperature decline.
Possible radiative loss mechanisms are continuum radiation
and line emission which will now be discussed.
1. Continuum radiation
Continuum radiation can be important in high-density plas-
mas and results from both radiative recombination and
Bremsstrahlung radiation.21–23 In the experimental regimes
where the temperature is less than 5eV, radiative recombination
dominates Bremsstrahlung.23 The baseline of the Thomson scat-
tering spectrum corresponds to the continuum radiation. The
time dependence of the continuum radiation as determined from
this baseline is shown in Fig. 9 and is compared with the contin-
uum radiation calculated with the theory in Ref. 23 using the
electron density and temperature measured by Thomson scatter-
ing. It is seen that the calculated continuum radiation is in good
agreement with the measured continuum radiation.
The characteristic time for energy density DEc to be lost by
some mechanism is related to the loss power density p for that
mechanism by s¼DEc/p. Figure 9 shows that the continuum
radiation power peaks at 4.5 109 W m3 and so the time for
continuum radiation to radiate the energy increase resulting from
compression is (5.7 104 J m3)/(4.5 109 W m3) ’ 13 ls
which is an order of magnitude longer than the observed temper-
ature decay time of <1 ls seen in Fig. 6. Thus, although there
clearly is an increase in the continuum radiation, quantitative
estimates of the power loss by continuum radiation show that
this power loss is inadequate to explain the observed loss of elec-
tron thermal energy and so additional loss mechanisms must be
considered. However, in a fusion-grade MTF condition, the most
dominant radiative loss is Bremsstrahlung continuum radiation.4
2. Line emission
Another possible radiative loss mechanism in this exper-
iment is line emission by some combination of hydrogen
atoms, argon atoms, and argon ions. Impurity line emission
is observed to be negligible. Because a hydrogen ion is just a
proton and so has no bound electrons, a fully ionized hydro-
gen plasma jet should emit no line radiation because line
radiation involves a change in the energy state of bound elec-
trons. However, if plasma electrons and ions combine to cre-
ate neutral atoms, line emission could become large. In a
very high-density plasma, such as the experiment discussed
here, two possible recombination mechanisms exist. The first
is radiative recombination and the second is three-body
FIG. 9. Measured (blue) and calculated (red) continuum radiation intensity
in a collision. Note that the measured continuum radiation intensity is in
arbitrary units and normalized to the calculated intensity.
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recombination, the inverse process of ionization. The radia-
tive recombination rate coefficient can be expressed as24,25
KR ¼ 2:7 1013T3=4e cm3s1 (3)
and the three-body recombination rate coefficient can be
expressed as
Kc ¼ 5:6 1027T9=2e ne cm3s1: (4)
In the density and temperature regime of the experiment dis-
cussed here (ne¼ 1 1023 m3, Te < 5 eV), the three-body
recombination rate is much greater than the radiative recom-
bination rate.
The other possible mechanisms for creating neutral
hydrogen atoms are the hydrogen ion-hydrogen atom
charge-exchange and the hydrogen ion-argon atom charge-
exchange. The charge-exchange rate coefficient between a
hydrogen ion and a hydrogen neutral atom is much greater
than the three-body recombination rate coefficient; the
cross-section rcx(25 eV) ’ 2.0 1015 cm2 (Ref. 19) gives
Kcx ¼ rcxvjet ’ 2 108. However, we believe that the jet is
initially fully ionized so there are initially negligible hydro-
gen atoms in the jet so charge-exchange with neutrals cannot
occur. In the case of the hydrogen ion-argon atom charge-
exchange, using the hydrogen ion-argon atom charge-exchange
cross-section rcxð25 eVÞ ’ 1 1019 cm2 (Ref. 26) gives
the rate coefficient Kcx ¼ rcxvjet ’ 7 1013 cm3=s from
which we have the rate cx ¼ nArKcx ’ 140 s1, where nAr
’ 2 1014 cm3; we should note that the cross-section at
25 eV in Ref. 26 is an extrapolated value from the cross-
sections at higher energies. For the three-body recombination
rate, Eq. (4) gives Kcðne ¼ 4 1016 cm3; Te ¼ 2:5 eVÞ
’ 3:6 1012 cm3=s from which we have the rate c¼ neKc
’ 1.4 105 s1. Thus, the three-body recombination domi-
nates the charge-exchange.
Figure 10(a) shows the time-dependent line emission of
the hydrogen Balmer alpha line (Ha, 656 nm) measured by a
monochromator. It is seen that the Ha emission suddenly
increases at 7–8 ls which is when the jet collides with the
gas cloud suggesting that three-body recombination could be
a radiative loss mechanism.
The power in visible light emission such as the Ha line is
much less than that emitted in the deep ultraviolet (UV) of the
Lyman series but measurement of deep UV emission requires
special in-vacuum detectors since UV is blocked by windows.
The UV radiative power can be inferred from the Balmer lines
using the relation Pij¼AijNiDEijx, where Aij is the spontane-
ous radiation coefficient from the principle quantum level i to
the principle quantum level j, where i> j, Ni is the population
density of the level i, and DEij is the energy difference
between the levels i and j. The coefficients Aij and DEij are
well established for hydrogen. Since the Lyman b line and the
Balmer a line result from the same n¼ 3 energy level, we
obtain PL,b  8.15PB,a, where PL,b is the radiative power of
the Lyman b line and PB,a is that of the Balmer a line.
27
Figure 10(b) shows the time-dependent visible emission
measured by a photodiode; the UV radiative power is inferred
from this measurement. Light was coupled to the photodiode
by a multimode optical fiber with no collimator. For this mea-
surement, the diode responsivity was e¼ 0.345A/W at 656 nm
(Ref. 28) so Ppd¼Vpd/(eR) where Ppd is the light power in
watts illuminating the photodiode and Vpd is the photodiode
voltage across an R¼ 50X load resistor. The radiated plasma
line emission power Pline was determined from the power inci-
dent onto the photodiode by the relation Pline ¼ Ppd  ð4pr2=
AfiberÞ  1=Tf  1=Tw, where r¼ 0.95 m is the distance from
the optical fiber to the plasma center, Afiber¼ 1.26 107 m2 is
the area of the 400lm diameter fiber, and Tf  0.86 is the
transmittance of the optical fiber. Tw, the transmittance of the
chamber window, was assumed to be 0.9.
The optical fiber transmittance Tf was determined as fol-
lows: the intensity of a light bulb was measured by the photodi-
ode both through the fiber and directly without the fiber and the
intensity ratio was 0.0085. Since the fiber area is 1.26 107 m2
and the photodiode area is 1.3 105 m2, the ratio of the areas
is 0.0098. Thus, transmittance of the fiber including the coupling
efficiency of the light to the fiber is 0.0085/0.0098¼ 0.86.
If it is assumed that all the radiation comes from the
Balmer a line and that the plasma is optically thin, then PL,b
’ 8.15Pline. This assumption is reasonable because the pho-
todiode is sensitive from 350 nm to 1100 nm, only Balmer
series are in this wavelength range, Balmer a has the largest
emissivity in the Balmer series, and Argon emission is negli-
gible compared to Balmer a emission as observed using the
monochromator. Combining these relations gives the power
radiated in Lyman b as
FIG. 10. (a) Ha emission intensity measured by the monochromator and (b) visible-light emission intensity measured by the photodiode in a collision (blue)
and in a jet-only (red).
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PL;b ¼ 8:15 4pr
2
eRTf TwAfiber
Vpd W: (5)
In order to compare this prediction to the experiment, the
volume of the radiating compressed plasma region is required.
Using the photo image in Fig. 2 and the TS measurement, this
region is estimated to be a cylinder having 30mm radius (ver-
tical direction in Fig. 2) and 20mm length (horizontal direc-
tion in Fig. 2) in which case the volume of the radiating
region is 5.7 105 m3. The 30mm cylinder radius estimated
from the photos is consistent with the 40mm extent of the TS
measurement so the radius estimate corresponds to the radial
extent of the highest density region. The cylinder axial length
is estimated from the jet slowing down to 20 km/s and so
moving 20mm in 1 ls. The power density of the Lyman a
radiation is then related to the photo-diode voltage by
pL;b ¼ 1:4 105 4pr
2
eRTAfiber
Vpd Wm
3: (6)
This gives the radiated power per cubic meter. From this mea-
surement, DEcðJ=cm3Þ=pL;bðW=cm3Þ ’ 1:2 ls was obtained
which is of the order of the observed temperature decrease.
Moreover, the radiative power of Lyman a, pL,a, is known to
be greater than pL,b so the radiative recombination UV line
emission is likely the dominant radiative loss responsible for
the observed temperature decrease.
Using the measured power density, the Einstein sponta-
neous emission coefficient Aij and the energy difference DEij
of the ground state to n¼ 3 state of hydrogen, the population
density of the n¼ 3 state can be calculated to be
n3 ¼ PB;a
A2;3DE2;3
’ 1:8 1015 cm3: (7)
From the inferred n3, we could roughly infer the ground
state neutral density n1 if we assume a Boltzmann equilib-
rium relates the ground state to the n¼ 3 state, i.e.,
n3
n1
¼ g3
g1
expððE3  E1Þ=kBTeÞ ’ 0:45; (8)
so
n1 ¼ n3=0:45 ’ 4 1015 cm3; (9)
where Te¼ 4 eV, g1¼ 2, and g3¼ 18 are the respective statis-
tical weights of the ground state and the n¼ 3 state. This
neutral density is created by three-body recombination.
Using Eq. (4) with ne¼ ni¼ 41016 cm3 and Te¼ 2.5 eV
gives the neural atom density creation rate to be
dnn/dt¼Kcneni¼ 5.6 1027(neTe3/2)3¼ 5.8 1021 cm3 s1.
Thus, in one microsecond, the amount of neutral density cre-
ated is 5.8 1015 cm3 which is consistent with the experi-
mentally obtained neutral density in Eq. (9). Also, the neutral
atom creation rate is invariant with adiabatic compression
since neTe
3/2 is constant for 3D adiabatic compression. This
implies that preheating is required to prevent radiation by
three-body recombined neutral atoms. From this estimate, the
ratio of the neutral density to the electron density is 0.04.
D. Criterion of compression time relevant to MTF
The compression investigation reported here is relevant to
MTF due to the following reasons. As shown in Fig. 11, the sit-
uation of the jet-cloud collision experiment is equivalent to
MTF; all that has happened is a change of frames. The number
of degrees of freedom is N¼ 3 not only in the Caltech experi-
ment reported here but also for actual MTF due to the collision
frequency being invariant in adiabatic compression with N¼ 3
as was argued in Sec. IVB. The geometrical dimensionality of
MTF is cylindrical while the Caltech experiment is linear; this
would be different in compression ratio but would give the
same compression physics in terms of the density, temperature,
and magnetic field of the collisional adiabatic compression. As
discussed in Sec. IVC, radiative loss suppresses the tempera-
ture increase in the Caltech experiment. This motivates calcula-
tion of a criterion for the compression time to outrun radiative
loss in a fusion-relevant context; this will now be discussed.
The radiative loss mechanism depends on the tempera-
ture. If the temperature is a few eV, line emission by neutral
atoms created by three-body recombination is dominant as
found here, but if the temperature is a few keV as in a
fusion-relevant context, Bremsstrahlung continuum radiation
would be dominant. At each stage having a characteristic
compression time sc, the compression time should be much
less than the radiative time sR, i.e., it is necessary to have
sR ’ DEcðJ=cm
3Þ
ðpline þ pcontinuumÞðW=cm3Þ 	 sc: (10)
In a fusion-grade regime, Pline can be negligible because
ac=aR ’ 2:1 1014T15=4e ne  1 in the range ne< 1 1023
cm3 and Te> 1 keV so three-body recombination rarely
occurs. Continuum radiation by radiative recombination is also
negligible because continuum radiation by Bremsstrahlung is
much greater than by radiative recombination.
If Pline is neglected for fusion-grade temperatures and
only Bremsstrahlung continuum radiation power (pB) is con-
sidered,23 Eq. (10) reduces to
sR ’ DEc
pB
’ DðneTeÞ
1:58 1032n2e
ffiffiffiffiffi
Te
p : (11)
If we assume the initial density and temperature to be
relatively low compared to that of the final compressed state
but not as low as in the Caltech experiment where line emis-
sion becomes important, sR becomes
FIG. 11. LHS represents the compression process in a MTF while RHS
shows the same process with a reversed reference frame. Note that the geo-
metrical dimensionality of MTF is cylindrical while that of the Caltech
experiment is linear.
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sR ’ neTe
1:58 1032n2e
ffiffiffiffiffi
Te
p ; (12)
¼
ffiffiffiffiffi
Te
p
1:58 1032ne
: (13)
Thus, sc should be much less than sR so that radiation
does not suppress the temperature increase.
Figure 12 plots sR as given by Eq. (13) for various
MTF-relevant electron densities and temperatures and also
indicates experimental results from selected experiments.
The Lawson criterion, nsE¼ 1014 s/cm3, where n is the den-
sity and the confinement time sE has been set to equal sR, is
shown as a green line; the Lawson criterion is satisfied above
this line (the green line does not imply that the temperature
is 100 eV). For adiabatic compression to lead to fusion, the
compression time must be shorter than the time given by the
sloped line for each segment of the compression and the final
result must be above the green line.
For the MagLIF experiment5 shown in the upper right in
Fig. 12, the initial condition shown as a green triangle is
n¼ 2 1020 cm3 (0.7mg/cm3 for D gas, 2 amu) and
T¼ 100 eV. Since the initial target radius is 2.325mm and
the final radius is 62.5 lm, the radial compression ratio is
1380. From the adiabatic relation, Tf  Tiðnf=niÞ2=3, the
expected temperature is 7 keV (shown as a blue circle in
the MagLIF region) when n¼ 1 1023 cm3 is achieved and
sc is less than 7.1 ns. However, the compression time is pre-
sumed to be at least a few tens of nanoseconds (33 ns
inferred from 2.325mm initial radius and 70 km/s velocity)
so significant energy loss might occur from Bremsstrahlung
radiation that suppresses the temperature increase; the
reduced final temperature is shown as a red star. This pro-
vides a possible explanation for why 3 keV was achieved
instead of 7 keV and suggests that a faster compression time
would lead to higher final temperatures.
For the Z-pinch experiment at the University of
Washington (UW),29 the sR¼ 1.6ms is shown as a red star
located at ne¼ 1 1017 cm3 and Te¼ 1 keV in Fig. 12.
Since the experiment duration is 50 ls, the radiation time
seems to be much longer than the required compression
time. However, it should be noted that the temperature was
inferred from the measured electron density using the pinch
relation rather than from a direct measurement.
For the Caltech experiment shown in the bottom left in
Fig. 12, the initial density is 4 1016 cm3 and the initial tem-
perature is 2.5 eV. Since the density was observed to increase
to 1 1017 cm3, the linear compression ratio is about 2.5 so
the temperature was expected to increase to 4.6 eV. As can be
seen in Fig. 6, the temperature initially increased to 4 eV
which is consistent with the initial compression time being
shorter than the radiation time (Bremsstrahlung or radiative
recombination). However, the temperature quickly dropped as
a result of radiative loss by line emission of three-body
recombined neutral atoms.
The electron-electron collision frequency ee ¼ 4
1012n lnK=T3=2, where n is the density in m3, T is the
temperature in eV, and lnK is the Coulomb logarithm, from
which we obtain the initial collision time of MagLIF,
see¼ 1/ee ’ 0.2 ps which is much shorter than the total
compression time. Since the collision frequency is invariant
in collisional adiabatic compression, the final collision time
should be the same as the initial collision time but is shorter
than 0.2 ps due to the lower temperature resulting from the
radiative loss than an adiabatically compressed temperature.
The collision time of the Caltech experiment is 5 ps and
that of UW is 7 ns so both these experiments are collisional.
For the ion-ion collision, the collision time is longer byffiffiffiffiffiffiffiffiffiffiffiffi
mi=me
p ’ 43 for hydrogen but still remains in the colli-
sional regime.
E. Shocks
In order for a shock to be launched, an object must
move at a speed greater than the sound speed (or magneto-
sonic speed for a MHD shock). In our experimental configu-
ration, we consider three situations as illustrated in Fig. 13;
(a) a hydrodynamic (HD) shock forming in the argon gas
cloud, (b) a parallel MHD shock forming in the hydrogen jet,
and (c) a perpendicular MHD shock forming in the hydrogen
jet. We should note that the parallel MHD shock is identical
to the HD shock. In Fig. 13, the numbers 1 and 2, respec-
tively, indicate unshocked and shocked regions. v1 and v2,
respectively, are velocities in the shock frame. The shock
jump conditions used here are derived in the shock frame.30
The shock velocity in the lab frame is defined to be vs, so
adding vs to the shock frame velocities gives lab frame
velocities v01 and v
0
2; v
0
1 ¼ v1 þ vs ¼ 0 and v02 ¼ v2 þ vs
¼ v2  v1 ¼ vp, where vp is a piston velocity of the piston-
generated shock configuration in the lab frame and corre-
sponds to vjet in the experiment. Since the directions of flow
in the shock frame and the lab frame are opposite, the sign
should be reversed. On making this sign reversal, we have a
relation between the shock frame and the lab frame as vs¼ v1
FIG. 12. Radiative time sR as a function of electron density and temperature
for both small laboratory and fusion-grade experiments. The blue and red
lines indicate the adiabatic heating (Tf  Tiðnf =niÞ2=3) of MagLIF5 and
Caltech experiments, respectively. The horizontal green line represents the
Lawson criterion, nsE¼ 1014 s/cm3. UW: University of Washington.
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and vp¼ v1  v2. Details can be found in Ref. 30 the nota-
tions of which are used here. Here, we only consider c¼ 5/3.
First, a HD shock can form in the argon gas cloud as
illustrated in Fig. 13(a). If the jet velocity quickly slows
down to 20 km/s, the mean free path also drops to 2 cm so
the jet could act like a rigid piston. Here, a strong shock is
assumed because the jet velocity greatly exceeds the sound
velocity in the argon gas cloud which will be shown below.
In this condition, we can estimate the shock velocity using
Eq. (14.135) of Ref. 30 given as Ms ’ ðcþ 1ÞMp=2, where
Ms¼ vs/vc1 is the Mach number of the shock, where
vc1¼ 0.3 km/s is the sound speed in the argon gas cloud. The
unshocked argon gas cloud (region 1) is assumed to be at
room temperature (T1¼ 300K). Mp¼ vp/vc1 is the Mach
number of the jet. So, we have Ms ¼ M1 ’ 90 which
confirms the strong shock assumption and vs ’ 4vp=3
’ 27 km=s from which displacement between the jet and the
shock for 1 ls is 0.7 cm. This is not resolvable using our
diagnostics. The velocities in the lab and shock frames are
summarized in Table I. In the strong shock limit of the HD
shock, the jump condition would give a very large increase
in temperature while the density increase is limited to be less
than a factor of 4 ((q2=q1Þmax ¼ ðcþ 1Þ=ðc 1Þ ¼ 4). The
HD jump condition gives30
q2
q1
¼ ðcþ 1ÞM
2
1
2þ ðc 1ÞM21
; (14)
p2
p1
¼ 1 cþ 2cM
2
1
cþ 1 ; (15)
¼ cþ 1þ ðcþ 1Þq2=q1ðcþ 1Þ  ðc 1Þq2=q1
: (16)
Using Eq. (16) and T2/T1¼ p2q1/(p1q2) provide plots
of (a) p2/p1 vs. q2/q1 and (b) T2/T1 vs. q2/q1 as shown in
Fig. 14. The HD shock (orange dashed line) shows a sharper
increase in T2/T1 than the adiabatic compression (blue solid
line) as q2/q1 increases. Using M1¼ 90 gives T2/T1 ’ 2500.
Since we assumed that T1¼ 0.025 eV, T2 ’ 63 eV is pre-
dicted by the shock model. However, we did not see any
spectroscopic evidence of highly ionized argon ions in the
experiment as would be expected for such a high tempera-
ture. Because the degree of ionization is mainly determined
by the electron temperature, substantial ion heating by a
shock could occur without the argon becoming highly ion-
ized. For this to happen, the ion-electron equipartition time
would have to be much larger than the ion shock heating
time. Future study would thus require a two-fluid treatment31
to determine the extent to which ions are shock heated.
Second, a parallel or perpendicular MHD shock can form
in the jet if the frame-reversed gas cloud velocity (vp¼ 70 km/
s) exceeds the magnetosonic speed (vMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2A þ v2c1
p
) in the
jet as in the configurations shown in Figs. 13(b) and 13(c).
Since the Alfven speed in the jet is ’26 km/s, where B
’ 0.24T and ne ’ 4 1022 m3 and the sound speed in the
jet is vc1 ’ 20 km/s, the magnetosonic speed is 32 km/s. We
FIG. 13. (a) A HD shock forming in the argon gas cloud, (b) a parallel MHD
shock forming in the hydrogen jet, and (c) a perpendicular MHD shock
forming in the hydrogen jet. 1 and 2, respectively, indicate the unshocked
and shocked regions. The black arrows indicate the direction of the magnetic
field.
TABLE I. A summary of velocities in HD and MHD shocks.
(a) Hydrodynamic shock (positive position is on the left)
Unshocked Ar Shock Shocked Ar H jet (piston)
Lab frame velocity v01 ¼ 0 km=s vs¼ 27 km/s v02 ¼ 20 km=s vp¼ 20 km/s
Shock frame velocitya v1¼ 27 km/s 0 km/s v2¼ 7 km/s vp,sb¼ 7 km/s
(b) Parallel and perpendicular MHD shock (positive position is on the right)
Ar (piston) Shocked H jet Shock Unshocked H jet
Frame reversed lab frame velocityc vp¼ 70 km/s v02 ¼ 70 km=s vs¼ 80 km/sd v01 ¼ 0 km=s
Shock frame velocitya vp,s¼ 10 km/s v2¼ 10 km/s 0 km/s v1¼ 80 km/s
aSign is reversed.
bvp,s is the piston speed in the shock frame.
cThe jet frame is regarded as a lab frame.
dvs¼ 80 km/s is assumed for providing an example with actual numbers.
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should note the Alfven speed is a function of the magnetic
field and density which have spatial dependence in the experi-
ment and that B ’ 0.24T is a maximum value of the jet on
the axis. Thus, the initial frame-reversed gas cloud velocity
satisfies the MHD shock condition. Also, the mean free path
of argon neutral atoms penetrating into the hydrogen jet is
small so as to act like a piston; the mean free path lmfp¼ 1/
(nirni)¼ 0.13 cm, where ni¼ 4 1016 cm3 is the ion density
in the jet and rni(Ti¼ 25 eV)¼ 1.9 1016cm2 is the argon
neutral-hydrogen ion momentum transfer collision cross-sec-
tion.19 In the experimental configuration, the density and tem-
perature measured by Thomson scattering were obtained at
the geometrical axis where the z-component of the magnetic
field is dominant. On-axis interaction can thus be approxi-
mated as a parallel MHD shock configuration which is identi-
cal to the HD shock.
A parallel shock condition (v k B) gives no magnetic
field compression meaning B2/B1¼ 1. In this configuration,
we cannot make a strong shock limit approximation. Instead,
we can estimate a minimum (M1)min and (T2/T1)min because
Ms > Mp, where Mp¼ vp/vc1 is the piston Mach number. Mp
will be used as a minimum Mach number. Substituting M1
with Mp¼ 3.5 in the HD shock jump condition gives
ðq2=q1Þmin ¼ 3:2; ðp2=p1Þmin ¼ 15:1, and ðT2=T1Þmin ’ 4:8.
The observed electron density (q2/q1 ’ 2.5) and temperature
(T2/T1 ’ 1.8) are not as high as the density and temperature
predicted from the jump condition. The temperature pre-
dicted with the experimental result of (q2/q1)min¼ 2.5 also
gives a higher temperature ratio ðT2=T1Þmin ’ 2:4 than the
observation.
The perpendicular MHD (v?B) shock may be weak and
located away from the geometrical axis where the magnetic
field perpendicular to the flow is dominant. The jump condi-
tion of the perpendicular MHD shock gives32
p2
p1
¼ 1þ cM21ð1 ðq2=q1Þ1Þ þ b11 ð1 ðq2=q1Þ2Þ; (17)
where b1 is the ratio of the thermal pressure to the magnetic
pressure in the region 1. Equation (17) is shown in Fig. 14 as
green dots using (M1)min¼ 3.5 and b1¼ 0.7. Here, b1¼ 0.7 is
obtained using ni¼ 4 1022 m3, Ti¼ 2.5 eV, and B
’ 0.24 T which were measured at the geometrical axis.
Since as a radial position increases the magnetic field and
the electron density decreases, b1;onaxis ’ b1;offaxis is
assumed. Using Eq. (17) gives
T2
T1
¼ p2
p1
q1
q2
¼ 1þ cM
2
1ð1 ðq2=q1Þ1 þ b11 ð1 ðq2=q1Þ2Þ
q2=q1
(18)
from which we have ðT2=T1Þmin ’ 2:3. Also, the jet velocity
quickly drops to 20 km/s so the MHD shock condition may
not be sustained.
In the case of weak compression there could exist ambi-
guity whether the compression is shock or adiabatic as
shown in Fig. 14. In actual MTF, however, adiabatic com-
pression and heating dominates shock compression because
shock compression is limited to be less than a factor of q2/
q1¼ 4, while the compression ratio of MTF is q2/q1 ’ 1380.
V. CONCLUSION
Compression and heating were observed when an MHD-
driven jet impacted a gas target cloud. The goal of this jet-
target experiment was to investigate adiabatic compression
using a non-destructive and repeatable setup; besides being
of fundamental interest, adiabatic compression is also rele-
vant to magnetized target fusion. Comprehensive measure-
ments showed increases in density and magnetic field and a
decrease in jet velocity during the compression. The electron
temperature had a rather complicated time dependence; the
temperature increased at first and then dropped very quickly
in a time less than 1 ls which is much shorter than the total
compression time. The temperature drop can be understood
as a result of radiative loss from three-body recombined
hydrogen atoms. This three-body recombination is a domi-
nant process in cool, high density plasmas and to avoid this
issue, the compression would have to be faster than the radi-
ative loss time. A criterion for the compression time with
respect to the radiative loss was presented for the fusion-
grade regime. c¼ 5/3 is used to estimate the scaling of adia-
batic compression based on the collisionality which would
be an additional criterion for MTF-relevant systems. The
results were also analyzed in the context of shocks the effects
of which are compared to adiabatic compression.
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